Adequate phosphorus (P) is needed for crop production, but excessive P poses a potential risk to water quality. Results from the cumulative P balance calculations within the indicator of risk of water contamination by phosphorus (IROWC-P) developed in Canada were assessed to determine the spatial and temporal trends in P accumulation at a regional scale and to consider the implications of these trends. Regional cumulative P balances were calculated from census data as a proxy for soil test P (STP) values, including the contribution of fertilizer or manure P to these balances. Ideally, over time we would see a convergence of soil test values at the low end of the critical response range for crop growth, where agronomic and environmental considerations are balanced, but this does not appear to be the case for many regions in Canada. Nationally, about 61% of agricultural land was predicted to be low in STP, and over half of this land is failing to replace the P that is removed each year. While only about 10% of the agricultural land has accumulated significantly more P than is needed for crop growth, almost all of this land is continuing to accumulate P rather than drawing it down. Manure is the dominant P source for continuing accumulation in regions with high or very high estimated STP; reducing this input will be difficult because of the nature of manure and the investment in buildings and infrastructure tied to specific locations, but it is clear that current Canadian policies need strengthened.
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Addressing Imbalances in Phosphorus Accumulation in Canadian Agricultural Soils Keith Reid,* Kimberley Schneider, and Pamela Joosse P hosphorus (P) loss to surface freshwater is a key driver of environmental degradation Scavia et al., 2014) . While agricultural runoff is not the only source of P loading to surface water, it is significant in many areas and is implicated as the dominant source to some of the most heavily impacted waters (Bunting et al., 2016; Joosse and Baker, 2011; Michaud et al., 2004; Sharpley et al., 2003) . At the same time, P is an essential element for all life, and an inadequate supply of P from the soil can lead to significant reductions in crop yields and quality (Cadot et al., 2018) and reduced biomass production (Vitousek et al., 2010) . A reduction in plant biomass could potentially create the conditions in which soils become less protected from the erosive effects of heavy rainfall, thereby increasing the export of P from these soils through eroded sediment.
One of the key source parameters for P in agricultural runoff is from the accumulation of P in the soil, which is most commonly measured with an agronomic soil test. Soil test P (STP) concentrations strongly correlate with the concentration of dissolved P (Sharpley et al., 2002; Vadas et al., 2005; Wang et al., 2010) , and bioavailable particulate P (Sharpley and Smith, 1983) in surface water runoff. High STP will also promote the accumulation of P in plant biomass that could be released over winter from frozen plant tissue and subsequently lost in surface runoff (Maltais-Landry and Frossard, 2015) . Incidental losses from applied P can overwhelm the influence of STP in the short term, but the base level of losses from accumulated P in the soil will continue after the spike following P application has receded. Our objective is to discuss the possible drivers for trends in P imbalance and the implications for implementing related best management practices, using examples from P accumulation trends in Canadian agricultural soil, to meet the dual goals of increasing agricultural productivity while reducing P losses to surface water. We acknowledge that the buildup of P in the soil does not automatically cause impairment of water quality, since there must also be transport of that P to surface water, but that has been well documented elsewhere and is outside the scope of this paper.
(IROWC-P). The methods used for these calculations are described briefly in the Supplemental Material. Soil Landscape of Canada polygons (1:1,000,000 scale) (Soil Landscapes of Canada Working Group, 2010) were sorted into STP classes that were selected to represent ranges of probable crop yield response (Table 1) : low STP concentrations, where lack of P is almost certain to reduce crop yields without supplemental P fertilizer; optimum STP, which encompasses the critical STP levels for the main agronomic crops; high STP, which is high enough that there is virtually no chance of yield response to added P; and very high STP, which is more than four times the critical value for the main agronomic crops.
The trends of P accumulation across Canada (1981 Fig. 1) illustrate that the imbalances between high and low P soils are widening over time. This trend is continuing, as is shown in the change in STP concentrations during the period from 2006 to 2011 (Fig. 2) . Except in Manitoba, Alberta, and British Columbia, soils in the low STP class are declining in soil test value, while soils in the high or very high STP classes are increasing in value in every province. Additional data and analysis regarding these trends are provided in the Supplemental Material.
Drivers and Areas of Deficient or Limited Phosphorus
Some farming systems are consistently failing to replace the P that is removed in the harvested portion of the crops, particularly where predicted STP values are already low (Fig. 3) . Understanding the reasons for this trend will illuminate the potential role, or lack thereof, for these lands to absorb P from the areas of excess.
In some cases, the patterns of P use relate to land tenure, particularly the case of cropland under a cash rent system. Where strong competition exists between renters for scarce land, there is little assurance that the rented land will be available for multiple cropping seasons and therefore, little incentive to invest in crop inputs (including P fertilizer) that will provide benefits beyond the current year. The evidence for this is currently anecdotal in Canada, but the tendency to apply suboptimal rates of P fertilizer and lime when land tenure is uncertain has been shown in studies in Finland (Myyrä et al., 2007) and Germany (Theobald et al., 2015) .
Other instances of persistent low STP estimates relate to lowintensity livestock grazing systems, where the profitability of the entire operation is based on minimizing costs and where the rangeland being grazed is likely to be facing multiple limitations to production other than P. Some of these limitations, such as lack of moisture or low temperatures, are inherent. Other limitations could be corrected, but the aggregate cost of adding lime, reseeding pastures with more productive forages, and controlling weeds so that the forages have sufficient opportunity to show response to added fertility could exceed the available cash flow for a farmer. A further complicating factor is that many of these areas are remote from the fertilizer supply infrastructure, raising the costs of fertilization even more through associated high transport costs. Even if sufficient capital were available, until the price of land increases to the point where it is less expensive to intensify production than to expand the area grazed, there will be a lack of incentive to apply supplemental P. A corollary is evident in parts of the Canadian Prairies (especially Saskatchewan but also parts of Manitoba and Alberta), where the productivity of grain production is limited by lack of rainfall or cold temperatures and so fertilizer applications are limited. Extensive areas of low and declining STP are evident in Manitoba, Saskatchewan, and Alberta where the dominant form of P applied is fertilizer ( Fig. 4) . Outside of the grain-producing areas, farming systems are dominated by extensive grazing for beef cow-calf production, which appear in Fig. 4 as the areas of low and declining STP dominated by manure P, primarily in the Prairie provinces and British Columbia.
Another case of P depletion is on the medium-to highintensity livestock operations where the supporting land area is discontinuous. A tendency exists for feed to be transported to where the livestock are housed but for manure to be spread on the fields closest to the barns, leading to a pattern of systematic depletion of distant fields and enrichment of fields nearby to the livestock housing (Innes, 2000; Innes, 2013) . This pattern will not show up on a regional assessment of P balances as presented here, but it is a part of the variability within these regions that complicates P management.
Finally, increases in regional negative P balances could also be related to an increase in organic farming systems, which have increased steadily in Canada over the past two decades and now account for over 600,000 ha of farmland in the three prairie provinces (Canada Organic Trade Association, 2017) . Under organic agricultural management, external inputs of soluble P fertilizer are prohibited, and accordingly, STP concentrations under this management regime can decrease over time (Entz et al., 2001; Løes and Ogaard, 2001; Schneider et al., 2017; Welsh et al., 2009 ). Since options for P-containing fertility amendments are limited for organic agriculture, the main options being ground raw rock phosphate and composted livestock manure, maintaining a neutral or slightly positive P balance is difficult for some organic farms; this is particularly true for organic farmers on the Canadian Prairies where the majority of farms are focused on crop production and manure availability is limited (Snyder and Spaner, 2010) . This could, in part, explain some of the increasing hectares in the low STP concentration range in Saskatchewan, where 23% of the nation's certified organic producers are located (Statistics Canada, 2016).
Drivers and Areas of Excess Phosphorus
The challenges of P excess are more complex than those of scarcity, and potential solutions will depend on the cause of the excess. It is generally assumed that systems that depend on fertilizer inputs will not suffer from large excess because the crop yield response to added P declines as STP concentrations increase (Dahnke and Olson, 1990; Tunney et al., 1997) . Economics should dictate that fertilizer applications should cease, or at least decline to no more than a maintenance application rate (where applications equal crop removal), when there is no longer any profitable response to that nutrient. However, there are circumstances where this does not necessarily occur. One instance is where the fertilizer applications are not based on soil tests but are simply following what has "always been done, " as noted by Daxini et al. (2018) , who found that the proportion of farmers completing soil tests was not as high as expected in most agricultural areas and that farmers who do complete soil tests often do so with limited intention of following the recommendations. Concerted efforts on the part of both the fertilizer industry and government are being made to promote both soil testing and sound fertility recommendations through the 4Rs of nutrient stewardship (right source, at the right rate, at the right time, and in the right place) Johnston and Bruulsema, 2014) , which should help to limit this occurrence. In some cases, high STP is a function of past applications of fertilizer that have now declined, as is the case in southern Ontario (Bruulsema et al., 2011) . The value of the 4R approach for reducing P inputs is less clear for crops that recommend the application of some P fertilizer regardless of STP levels (i.e., there is no STP threshold beyond which no fertilizer application is recommended), which in Canada includes tobacco (Nicotiana tabacum L.) and potato (Solanum tuberosum L.) (McCants and Woltz, 1967; Rosen et al., 2014) . There are significant areas where potato production is a dominant land use in Prince Edward Island and New Brunswick, and there are historic areas of intensive tobacco production along the north shore of Lake Erie in southern Ontario (Fig. 4B ). These fertilizer recommendations were developed more than a half century ago, when the prevailing STP concentrations were much lower (McCants and Woltz, 1967) . Fertilizer rate recommendations for potato and tobacco have not been revisited since soil test levels have increased to very high levels to determine if an upper limit to P applications would be warranted for agronomic reasons. A related situation is the production of high-value horticultural crops, where the cost of fertilizer, even at high rates, is a very small part of the total production cost. In these cases, application of P fertilizer is often viewed as insurance against the risk of yield loss or diminished product quality, which would compromise the ability to pay the much higher production costs for labor, equipment, and pest control in these crops (Lawley et al., 2009) .
While fertilizer application can lead to P excesses, as discussed above, a much larger area of P excess in Canada is associated with the application of livestock manure. Livestock production is spread across Canada, but the areas of greatest manure P excess are in Nova Scotia, parts of southeastern Quebec and southern Ontario, southern Alberta, and the Fraser valley in British Columbia (Fig. 3C, Fig.  4) .
Part of the accumulation of P on livestock farms stems from the use of manure as the main nitrogen (N) source for crops, which will include more P than the crops can use due to the natural N/P ratio of manures and to the loss of N in storage and application, which aggravates this ratio (Dao, 1999; Maltais-Landry et al., 2016) . As livestock operations grow and intensify, the ability or the desire to efficiently utilize the nutrients in manure within the operation may decline for various reasons (Innes, 2000) . Larger operations may use a higher proportion of purchased than grown feed, creating a farm-scale nutrient surplus (Holly et al., 2018) to the point that manure may be considered a waste product rather than a resource for their own crop production (Schröder, 2005) . Livestock managers also tend to place a higher value on time spent managing the livestock, as animals provide the direct source of their farm income, than on managing nutrient applications to crops (or crop management in general). This was illustrated for beef and sheep farmers in France (Magne et al., 2012; Malmaeus and Karlsson, 2010) , who placed more importance and derived more satisfaction from activities related to herd management than to crop fertilization or grain production. It is expected that these attitudes hold in Canada as well and are likely even stronger in swine and poultry production, where purchased feed makes up a larger portion of livestock diets than with ruminants (Lachapelle, 2014) . Finally, the economic incentive to manage manure as a resource declines as the P or potassium (K) from manure applications accumulate in the soil to the point where there is no economic response to further addition of these nutrients. The value of the manure to that farm is limited to the N it can supply to crops with no consideration for incidental P and K, but the cost of application has remained the same.
Options for Mitigating Phosphorus imbalances
Correcting the twin challenges of P deficiency and P excess is highly desirable in the short term; it becomes critical as the time horizon extends beyond the period of "peak phosphorus" when the supply of supplemental P fertilizer becomes limited and expensive (Scholz et al., 2013; Ulrich and Frossard, 2014) .
Addressing P deficiency appears to be relatively straightforward; simply add more P, as mineral fertilizer, livestock manure, or other P-containing amendment. The preceding discussion of Table 1 . Areas of drawdown have less P applied than is removed in harvested crops; Build is defined as P application greater than crop removal but less than two times crop removal, and Build+ is defined as P application greater than two times crop removal. Map A shows this relationship for total P application, while maps B and C show the P inputs from fertilizer and manure, respectively. why these nutrient deficient areas have developed has demonstrated why this apparent simplicity may be deceiving. As part of the analysis of options for dealing with nutrient excess, we discuss in this section the opportunities, if they exist, for redistribution of P to these deficient areas.
Off-site impacts of high P are a combination of direct losses from built-up P in the soil (legacy P) and the incidental losses from P application (Reid et al., 2018) . Incidental losses can be reduced regardless of soil P levels by scheduling P applications to seasons when runoff potential is low and ensuring P is incorporated or placed below the soil surface. Despite these interventions, soils with high P accumulation will continue to release P into runoff water, and the farming systems that created the high P accumulations are often still operating in the areas of high P. To address this issue of legacy P, farming systems will need to shift to P drawdown, where less P is applied each year than is removed in crop harvest.
When Phosphorus Accumulation Is from Fertilizer
Application of P in excess of crop requirements is best addressed by encouraging adoption of 4R nutrient stewardship ( Johnston and Bruulsema, 2014) . This may be more challenging where crops with high P fertilizer recommendations (or no zero P recommendation) make up a significant part of the landscape. Data from Prince Edward Island, for example, showed a positive correlation between STP and proportion of cropland in a Soil Landscape of Canada polygon (SLC) planted to potato (data not shown). Revisiting P fertilizer recommendations for these crops would help determine if there is still benefit to P application where STP is high, although the economic imperative to reduce P rates is weak when fertilizer makes up a small part of the total crop production expenses. A more drastic, but potentially more effective, approach would be to increase the diversity of crops in these areas so that the P application over the rotation is less than the aggregate crop removal of P. Resistance to this approach would be expected from the farm supply sector, as well as the processing industries, that have invested capital in facilities to service a concentrated trading/production area that would suddenly become much less concentrated under this option.
Some discussion has occurred regarding the possibility of using economic instruments such as a "P tax" to discourage excess application of P fertilizer, but this ignores the inelasticity of P fertilizer rates in response to fertilizer price changes (Osmond et al., 2019) . It has also been shown to have minimal impact on P applications in manure (Mackenzie et al., 2017) . In all three cases presented above, the cost of P fertilizer is not a significant factor in the decision regarding P application rates. Applying a high enough tariff or tax on P fertilizer to significantly affect application rates in the P excess situations, where the risk of P losses is greatest, could potentially be punitive to most of the cash grain producers in the country. Such a tax could lead to decreased P applications in areas that are already P deficient, thus reducing crop yields, and have a significant negative impact on the competitiveness of Canadian farmers.
When Phosphorus Accumulation Is from Manure
A number of options exist for reducing nutrient surpluses on livestock farms, the applicability of which will depend on factors including livestock species, the size of the operation, feeding and manure handling systems, and the types of neighboring farms.
Increasing the removal of P in the harvested portion of crops can improve the farm nutrient balance, either by increasing the proportion of crops harvested as whole plant silages rather than grain only or by adding additional crops into the rotation. In New York State, for example, there has been considerable success in using winter forages as double crops to increase yields of highquality feeds on dairy farms (Ketterings et al., 2015) . This has primarily been assessed for fall N management but will have the side benefit of increasing P removal from the soil. The applicability to farms in Canada may be limited by cold conditions, but it may be pertinent to many areas with the greatest P surplus.
On many farms, there are opportunities to reduce the P excretion by livestock through ration balancing to decrease dietary P intake. This is relatively straightforward on most swine or poultry farms, where the stock are fed a complete ration, although it may require a "phase feeding" approach, with different rations at different growth stages. In addition, phytase supplementation of monogastric diets allows the utilization of previously indigestible phytate in the grain, reducing the need to supplement with mineral P (Knowlton et al., 2004) . The use of phytase has been widely adopted (Reid et al., 2016) , so the opportunities for further reductions in manure P concentration with this technology are limited. The situation is more complex with ruminant diets, where a large portion of feed intake is either grazed or stored forages, meaning that there is less control over the precise composition of the diet. While opportunities exist for reducing surplus P in ruminant diets without compromising livestock productivity, they may not generate the highest net farm income (Pellerin et al., 2017; Withers et al., 2015) .
Where there are still P excesses on livestock farms after dietary manipulation, and if expanding the land base of the farm to utilize the P is not viable, another option is to export nutrients from the farm. The most direct method is to sell or trade the manure to neighboring farms that have a greater need for the manure nutrients including P. An arable farmer may recognize the value of the manure, both as a less-expensive alternative to purchasing mineral fertilizer and as a source of organic matter for their soils, but still be hesitant to accept the manure due to concerns about odor or soil compaction from heavy application equipment (Case et al., 2017) . The receiving farms are also unlikely to have application equipment of their own, so the exporting farm may have to provide or subsidize the application. The low nutrient density of manure also limits the distance it can economically be transported, particularly for dairy or swine slurries, where a large part of the mass is made up of water rather than nutrients (Withers et al., 2015) . Hadrich et al. (2010) , for example, found that the hauling and application costs for liquid dairy manure exceeded the value of the nutrients in the manure where the transport distance exceeded about 12 km. Another study in Texas found the breakeven manure transport distance ranged from 28 to 41 km but that the areas of nutrient deficit were 40 to 90 km from the dairy farms studied (Adhikari et al., 2005) . The more dilute the manure, the smaller this economic distance will be. There have also been anecdotal reports of farmers refusing manure from farms using ration balancing to reduce nutrient excretion because the nutrient concentration in the manure was too low. This is less of a problem for solid manures, and particularly for broiler litters.
which have relatively high nutrient concentrations, but transport and application costs will still be significantly higher than for a comparable nutrient application as mineral fertilizer. The scale of this challenge on a national level is evident in Table 2 and Fig.  4 . Saskatchewan has a net deficit for P for the period 2006 to 2011, which could theoretically be met by the surplus in areas of Alberta and Manitoba. Even from these neighboring provinces, however, the transport distances would be in the range of hundreds of kilometers, rendering this option impractical.
In many cases, particularly where multiple livestock operations are in close proximity, insufficient land area will be available for manure application close enough to the barn for profitable or environmentally sustainable use of the manure nutrients. Some form of manure treatment to concentrate the nutrients can significantly reduce the transportation costs and creates the opportunity for altering the balance of nutrients in fractions of the treated manure to meet different crop production requirements (Withers et al., 2015) . The simplest form of treatment, with the lowest capital cost, is to separate the solid from the liquid portion of the manure (Burton, 2007; Fournel et al., 2019) . The majority of the P remains with the solid fraction (Rico et al., 2012) , which can then be transported off-farm to be used in areas that need P. The remaining liquid retains a high proportion of ammonium N, so it can be used for crops with a high N demand that are growing on soils that already have adequate P. Some dairy operations are further composting the solids portion and reusing it as bedding materials for the cows (Fournel et al., 2019; Husfeldt et al., 2012) ; the use of this composted material has been well documented from the perspective of herd health but not regarding the potential for P concentrations to build up in the bedding material as it is reused over multiple cycles.
The separated manure solids have a higher P concentration than raw manure but are still relatively bulky and expensive to transport. A more aggressive option is to process the manure to extract a portion of the P in a concentrated mineral form that can be sold as a fertilizer (Withers et al., 2015) . Pilot projects have experimented with the extraction of calcium phosphates or struvite (magnesium ammonium phosphate) (Ackerman et al., 2013) . These products are concentrated enough that they could be transported long distances from areas of P surplus to P deficient areas, but because the capital and operating costs are quite high, it is only an option for very large livestock operations. There has also been some work showing that this form of manure treatment is more effective on the digestate from biogas production than on raw manure (Vaneeckhaute et al., 2018) , so it may only have a place as a part of a large integrated manure processing facility.
The treatment options discussed above ignore the underlying challenge of livestock production systems that are separated from the cropland that feeds them, creating areas of high and increasing P surplus, as well as areas that depend on continual inputs of P fertilizer to maintain soil P reserves. This is more commonly the case for swine and poultry than for beef or dairy cattle (although not exclusively) since it is easier to transport feed grains long distances than the relatively bulky forages needed for ruminant diets. This conundrum exists in Denmark (Parchomenko and Borsky, 2018) , England (Bateman et al., 2011) , The Netherlands (Reijneveld et al., 2010) , the United States (Adhikari et al., 2005; Jarvie et al., 2015; Kellogg et al., 2014; Sharpley et al., 2013) , and Canada (Reid et al., 2016) . Livestock manure production in Canada is typically far removed from the land with the capacity to use manure P beneficially ( Fig.  4C; Supplemental Fig. S1-S3 ). The reasons for this localization of livestock operations and separation from arable lands include a diverse mix of cultural, economic, governmental, and physical factors, and these are likely significant barriers to promoting a more even distribution of livestock operations across the landscape. A number of papers have discussed potential methods to reduce P imbalance (Hadrich et al., 2010; Hanserud et al., 2017; Malmaeus and Karlsson, 2010) , but all of these assessments have treated the location of the livestock operations as a given, with no consideration of relocation of livestock operations as an option. A review paper by McDowell et al. (2016) presents some notable successes with managing nutrients from existing or expanding livestock operations in New Zealand, the United Kingdom, and the United States, but the only mention of dealing with existing areas of P surplus was that "policy may have to consider land use change."
It is not surprising that relocation of livestock is seldom suggested. Confinement livestock operations are capital intensive, and the investment in animal housing, feeding, and handling represents "sunk costs" that cannot be easily recouped if the operation were to move to a different area. A further disincentive to relocation is that the support infrastructure for livestock agriculture is strongest in the areas with the highest concentration of livestock. Moving into an area where the manure nutrients from a livestock operation could be used more efficiently by crops would also mean increased transport cost for complete livestock rations and for livestock or products to processing facilities, as well as reduced access to specialized farm supplies and veterinary care. Despite these barriers, there are situations where maintaining the livestock population within a region will be incompatible with improvements to water quality. Incidental losses of P from manure application can be reduced but not completely eliminated as long as manure is being applied, and the continued application of manure at or above crop removal in positive balance areas is inconsistent with drawing down the accumulated P stores in the soil. If water quality targets are to be met, the longterm solution must be the reintegration of crop and livestock systems. -20 -560 -3,180 -6,190 -109,800 -22,610 -1,540 -143,890 There are past examples of redistribution of livestock to other areas. Herath et al. (2005) documented the shifts in dairy, beef, and swine populations in the United States from 1975 to 2000 and determined that the main drivers were consolidation of production for greater efficiency and changes in the regional processing capacity (vertical integration). Avoidance of environmental regulations may have some impact on farm relocations (Rajsic and Fox, 2016) , but this has had less influence in the past than increasing production efficiencies. This suggests that any policy to encourage relocation of livestock farms will need to consider the entire value chain, from input suppliers to meat processors, if it is going to be successful. It also demonstrates the need for caution in avoiding the export of a problem from one area to another (Herath et al., 2005) unless policies are put in place to avoid creating manure "hot spots" (Mulatu and Wossink, 2014) . McDowell et al. (2016) presented an example of the successful implementation of such policies in New Zealand, where a threefold increase in the dairy cow population was accompanied by strict regulation of P limits so that the P balance of the dairy farms has been neutral.
In Canada, responsibility for regulating nutrient applications resides with the provinces (Table 3) . While there are varying levels of manure application restrictions within the regulations, some gaps are consistent across the country. Application of manure is regulated, for example, but not mineral fertilizers. For the most part, regulations apply to new or expanding livestock operations, or to very large operations, but not to small-or medium-sized livestock operations. Manure P applications are allowed on soils with high STP up to, or significantly exceeding, crop removal of P. It is evident that these regulations are insufficient to address the land areas that are already very high in P and are continuing to increase.
If strong policies to encourage, or enforce, the dispersal of livestock operations in Canada were put in place, there would be a significant lag time before the impact of any such policy would be evident. The opportunity to move a livestock farm to a different location without wasting capital investment may occur once every two to three decades as buildings reach the end of their useful life. Even with a strong impetus to relocate, the opportunity is rare. Thus, although it would be highly desirable to move confinement livestock operations closer to the feed-producing areas for environmental reasons, there are significant barriers to this dispersal, and any policy to encourage relocation will need to fully account for these barriers. There are certain to be many who assert that the idea of relocating livestock operations is impractical, and we are fully cognizant of the costs and difficulties involved in uprooting an entire industry; however, failing to include this as a potential option for dealing with nutrient excesses in particular areas will tie the hands of policymakers and legislators.
Drawdown of Legacy Phosphorus
Thus far, we have focused on the impacts from annual applications of P as manure or fertilizer, but the cumulative effect of many years of continual overapplication of P is a buildup of P in the soil. This legacy P represents a long-term source of both dissolved and particulate P whenever runoff or erosion occurs, until the STP is drawn down by crop removal. A recent review of the relationship between P balance and change in STP concentrations for Canadian soils found the relationships to be linear regardless of whether the P balance was positive or negative (K. Schneider, unpublished data, 2019) . This suggests that a soil with an Olsen P test of 100 mg kg -1 receiving no further applications of manure or fertilizer P would take a minimum of 30 yr to decline below 20 mg kg -1 assuming a grain corn (Zea mays L.) yield of 12.5 t ha -1 (200 bu ac -1 ) was harvested each year. If a low rate of starter fertilizer was applied (8.5 kg P ha -1 yr -1 ) despite a minimal probability of any yield response, this period would extend out to 40 yr or more.
Where high STP concentrations exist, there will be a delay in the water quality response to even the most aggressive P reduction program at the farm level . The reduction in incidental losses from applied P would show up immediately, but this may represent only a small part of the P export from an individual field. Further delays in water quality response could occur if there has been an accumulation of P in riparian buffers or in streambed sediments. In these situations, the use of reactive filtration materials such as alum, gypsum, or iron slag between the high P soil in the field and the stream edge to sorb P may be necessary to achieve water quality targets (Leader et al., 2008) .
Summary and Conclusions
Balancing the dual goals of high agricultural productivity and acceptable P losses from the landscape can be best accomplished when soil P levels are in the "Goldilocks" range: neither too high nor too low. Unfortunately, the status quo in Canada is that the 10% of soils that are highly enriched continue to get richer, while the 50% of low P soils become more depleted. This has implications for the economic sustainability of farming in large areas of Canada and for adverse impacts on surface water quality from eutrophication. Reversing this trend will not be easy, entailing the disruption of established farming systems and supply chains to be completely successful. Most difficult will be the livestock operations, which are disproportionately represented in the areas with high and increasing P levels. Two options exist: either further concentrating livestock operations to justify the infrastructure for manure processing so nutrient coproducts can be economically transported to deficient areas, or decentralizing livestock agriculture to recouple manure generation with the land base for feed production. For either option to be successful will require foresight that extends beyond the usual political term or livestock production cycle.
Supplemental Material
The supplemental material includes further detail on the calculation of cumulative P balances, as well as information regarding the contribution of fertilizer and manure to P balances in each of the Canadian provinces.
